Introduction
============

Chronic kidney disease (CKD) affects 10-15% of the population and the incidence is increasing. CKD often arises as a complication from diabetes, high blood pressure, or inflammatory diseases. Without effective treatment CKD develops to renal fibrosis, which represents the main pathologically characterized progression of end-stage renal disease (ESRD) [@B1];[@B2]. Currently, there is no cure for ESRD, and development of new strategies to target specific genes responsible for development of CKD may prove to be an effectively clinical treatment in patients.

RNA interference (RNAi) provides a gene silencing tool with broad applicability, high efficiency and specificity. Thus, RNAi is a potentially powerful technique for disease treatment by reducing the causative gene expression [@B3];[@B4]. RNAi is mediated by small interfering RNAs (siRNA) that, upon entering the cells, provides the RNA induced silencing complex (RISC) with the guide strand complementary to the mRNA targeted for degradation. However, low stability *in vivo*, poor biodistribution, immunogenicity and inefficient penetration into tissue and cells are key problems for systemic administration of siRNA [@B5];[@B6]. Based on our previous experience, stability [@B7];[@B8] and immunogenicity issues [@B9] can be addressed by introducing chemical modifications, such as locked nucleic acid (LNA) and unlocked nucleic acid (UNA), and circulation time and biodistribution are heavily influenced by encapsulation of the oligonucleotides into non-viral carriers [@B7];[@B8].

Accumulation of siRNA in the kidneys is dependent on the siRNA being freely filterable by the glomerulus, the rate of glomerular filtration, and the uptake of the siRNA by renal tubule epithelial cells. Using a hydrodynamic silencing approach, a technique involving rapid tail vein injection of large volumes of buffer containing siRNA or small hairpin RNA expressing DNA, it is feasible to deliver siRNA to the tubular epithelium due to transient capillary "leakage" [@B10]. However, this approach is accompanied with liver damage and local dysfunction of the kidneys due to the high pressure associated with the administration and, therefore, non-applicable to larger animal models and humans [@B11]. Local administration of siRNA directly to the kidney has been performed via the renal artery [@B12] or the renal vein [@B13], but the invasiveness of these techniques also limits their use for clinical application.

The chitosan delivery system for siRNA and related drugs has, in part, been developed in our laboratory [@B14];[@B15]. Our previous biodistribution studies demonstrated that formulating the siRNA with specific chitosan particles resulted in distinct accumulation of siRNA in the kidney for at least 24 hrs post i.v. injection [@B7]. Here we show by real time *in vivo* fluorescence bioimaging and immunohistological analysis that chitosan/siRNA nanoparticles reside in the kidney for at least 48 hrs, specifically in the proximal tubule epithelial cells (PTECs). Studying the uptake of siRNA in chimeric mice with conditional knockout of the megalin gene implies that PTEC uptake of low molecular weight chitosan is mediated by the \'scavenging\' receptor megalin as it has been suggested for its water soluble derivative glycol-chitosan [@B16]. For the first time we demonstrate delivery of non-water-soluble chitosan polyplex nanoparticles specifically into PTEC in the kidney. We furthermore exploited this technique to partially knock down the water channel aquaporin 1 (AQP1) in PTECs, providing proof-of-principle that this approach can be utilized as a novel strategy for specific targeting of genes expressed in the PTECs and thus it is a potential instrument for treating many kidney diseases [@B1].

Materials and Methods
=====================

siRNA Duplex Preparation
------------------------

siRNA duplexes were prepared by annealing equimolar concentrations (100µM) of the sense and antisense siRNA in 5x annealing buffer (150mM Hepes, pH7.6, 500mM KC, 0.05mM MgCl~2~) at 95^o^C for 1 min and at 37^o^C for 1 h. The sequences used in the current study are shown in Table [1](#T1){ref-type="table"}, including the siRNA against EGFP with or without fluorescence labelling, and three siRNA sequences against murine AQP1 (Ambion siRNA ID s62520, s62521 and s62562, Ambion, Copenhagen, Denmark). Chemical modification of the siRNA is also shown in Table [1](#T1){ref-type="table"}.

Nanoparticle Formulation
------------------------

***Chitosan:***Various chitosans were supplied from Novamatrix (Norway). Low molecular weight (LMW) chitosan was a gift from Bioprocess Technology, Asian Institute of Technology (Thailand).

Each chitosan was dissolved in 1% acetic acid to give a 2% (w/v) chitosan solution. Chitosan was reprecipitated from the solution by adding 4% (w/v) NaOH dropwise until pH = 9.5. Finally, it was deacetylated with 47.7% NaOH at 60^o^C for 24h. The degree of deacetylation for all chitosan was around 98% and the average molecular weights were around 40, 190, 250 and 270 kDa, and represented as A, B, C and D, respectively. The detail analyses of chitosan were reported in the [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1.

***Preparation of chitosan/siRNA nanoparticles:***Chitosan/siRNA nanoparticles were formed by ionic complexation between polycationic chitosan- and polyanionic siRNA solutions. RNAse free water was used for all preparations. Stock chitosan solution (1mg/ml) was prepared in 300 mM, pH 5.5 acetate buffer and was filtered through 0.45µm membrane filter. Different concentrations of 20 µL siRNA solutions were added into 1 mL chitosan solutions while stirring and left for 1h. Prior to the mixing, the ratio between chitosan and siRNA were calculated based on the molar ratio of chitosan amino groups and siRNA phosphate groups (N/P ratio).

The hydrodynamic radii of the chitosan/siRNA nanoparticles were measured by photon correlation spectroscopy using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) prior to i.v. injection. The mean particle size and polydispersity of each formulation was recorded in the [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S2. The polydispersity index indicates the width of the particle size distribution; 0 being monodisperse and 1 being polydisperse. All measurements were carried out in triplicate with a temperature equilibration time of 1 minute at 25^o^C. Water (refractive index of 1.330 and a viscosity of 0.8872 cP) was chosen as dispersant.

***Serum stability analysis***: Twenty microliters of Chitosan/siRNA nanoparticle solution at N/P ratio of 60 was incubated with 380 µL 100% FBS (95% final serum concentration) for 0 hr (measured immediately after mixing) and 24 hr at 25^o^C. The particle sizes were measured by a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The viscosity and refractive index of the resulting 95% FBS was set to 1.5 cP ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig.S4) and 1.330 for the measurement.

Cell Lines and in vitro transfection
------------------------------------

Madine Darby Canine Kidney (MDCK) cells stably expressing murine AQP1 were used for validation of siRNA efficiency. Cells were maintained in DMEM media containing GlutaMAX™ I, 4500 mg/L D-Glucose, Sodium Pyruvate, supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and Hygromycin B (200 μg/ml) (Invitrogen, Copenhagen, Denmark) at 37 °C in 5% CO~2~ and 100% humidity.

Three siRNA sequences (Ambion, Copenhagen, Denmark) were transfected via commercial reagents Lipofectamine^TM^2000 (Invitrogen, Copenhagen, Denmark) according to standard protocols at 50 nM final siRNA concentration in 6 well plate After overnight incubation, the media was replaced with fresh cell culturing media. The cells were harvested at 48 hr post transfection for RNA and protein analysis.

Nanoparticle Injection i.v. in Mice
-----------------------------------

BALB/cJBomTac female mice (Taconic Europe, Ll.Skensved, Denmark) were used for most *in vivo* experiments, except conditional megalin knockout mice (megalin^lox/lox\ cre+^; B6; 129S7-Lpr2^tm1Her^-Wnt4^tm2(EGFP/cre)Svo^ ). For the biodistribution experiments, 10 µg siRNA formulated with chitosan in 200 µl solution (corresponding to \~ 400 µg/kg body weight) were administered by tail vein injection. For knockdown experiments, 30 µg siRNA was formulated with chitosan in acetate buffer and concentrated using BioDesignDialysis Tubing^TM^ (14.000 MWCO, BioDesign Inc. of New York, Carmel, NY) and then was injected i.v. (corresponding to \~ 1.2 mg/kg body weight).

All procedures of animal work were approved by \"The Experimental Animal Inspectorate in Denmark\" under The Danish Veterinary and Food Administration, Ministry of Food, Agriculture and Fisheries.

***1, Impact of Molecular Weight of chitosan on biodistribution:***Ten µg Cy3 labelled EGFP siRNA duplex was formulated with chitosan A, B, C and D (N/P=10), respectively, and was injected into mice (n=2) for pharmacokinetic studies. Mice were sacrificed 24 hours post-injection and kidneys were collected.

The left kidney was dissected vertically, one half was preserved in 4% paraformaldehyde in PBS buffer, the remaining was frozen in liquid nitrogen. The fixed tissue was processed for paraffin and the frozen tissue was used for cryo-sections (see below).

The right kidney was dissected into cortex and medulla after freezing at -20^o^C for 10 mins. The tissue was stored in RNAlater and RNA was isolated for northern blotting (See below).

A similar experiment was performed for chitosan A/siRNA (N/P=60) (n=2), and kidneys analysed by northern blotting.

***2, Fluorescence Imaging Study:***To avoid autofluorescence during imaging, fur was removed from the back and the abdomen of mice by shaving. A single dose of 200 μl chitosan A/Cy5 labeled siRNA (containing 10μg siRNA duplex) nanoparticles (N/P=60) was injected *via* the tail vein (n=4). Both Cy5 labelled siRNA alone and buffer were injected as controls (n=3). The mice were scanned using an IVIS® 200 imaging system (Xenogen, Caliper Life Sciences, Hopkinton, MA) under anesthesia with 2.5-3.75% isoflurane (Forene®, Abbott, Copenhagen). Cy5 excitation (λex = 640 nm) and emission (λem = 700 nm) filters were used. Identical illumination settings, including exposure time (1s), binning factor (medium), f-stop (2), and fields of view (13 × 13 cm), were used for all image acquisitions. The mice were scanned at 2 min, 1, 2, 3, 4, 6, 24 and/or 48 hrs (siRNA alone and buffer were scanned at 2 min, 1, 2, 3, 24 hrs). At the end point, the mice were killed, and the individual organs removed and scanned.

Total emission from affected areas (Region of Interest, ROI) from each mouse was quantified with Living Image 4.0 software package (Caliper Life Sciences, Hopkinton, MA). The radiant efficiency of the kidney was measured ((photons/sec/cm^2^/sr)/(μW/cm^2^)) and is presented as radiance/illumination power density. Background fluorescence was subtracted prior to analysis.

***3, Cellular Uptake of Chitosan/siRNA Nanoparticles in Conditional Megalin KO Mice:***Chitosan/Cy3 labeled siRNA nanoparticles, Cy3 labeled chitosan/siRNA nanoparticles (N/P=60), Cy3 labeled siRNA alone or buffer were injected i.v. into an already established mouse model [@B17] with conditional knockout of megalin (n=3 for each group). In this model, megalin is expressed in \~ 10% of kidney proximal tubule epithelial cells. The experiment was terminated 24 hr post-injection and the kidneys were fixed by retrograde perfusion through the abdominal aorta with 2% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. The tissue was dehydrated and embedded in paraffin by standard methods.

***4, AQP1 Gene Silencing in Mice:***Chitosan/AQP1 siRNA, chitosan/control siRNA (against EGFP), or buffer were injected i.v. in mice (n=5). SiRNA was LNA modified in the 3′ *overhangs* for both strands and nanoparticles were made at N/P ratio = 60. Three total injections were made at day 0, day 3 and day 5, with dose of 30 µg siRNA (corresponding to approximately \~ 1.2 mg/kg body weight). The experiment was terminated at day 7. The kidney was dissected vertically, one half was preserved in 4% paraformaldehyde in PBS buffer; the remaining was further separated into two equal portions, one for RNA purification (stored in RNA later) and one for protein purification (quick frozen in liquid nitrogen).

Evaluation Methods for siRNA Integrity, Cellular Localization and Gene Expression
---------------------------------------------------------------------------------

***siRNA Integrity Analysis by Northern Blotting:***Total RNA was purified by Trizol® reagent (Invitrogen, Copenhagen, Denmark) from kidney tissues in RNAlater. Four µg total RNA was run on 15% denaturing polyacrylamide gels and transferred onto Hybond-N+ membrane (Amersham Biosciences, Copenhagen, Denmark). After UV cross-linking, the membranes were probed with \[γ-^32^P\] ATP labelled sense strand LNA modified siRNA according to standard procedures. The membranes were analyzed on a Typhoon phosphoimager to visualize the antisense strand signal that bound with ^32^P labelled sense strand of the siRNA [@B7].

***Quantitative real time RT PCR (qRT-PCR):***Total RNA was used for reverse transcription using the SuperScript® *II Reverse Transcriptase* (RT) kit according to the manufacturer\'s protocol (Invitrogen, Copenhagen, Denmark). Quantitative real-time RT PCR was performed as described previously [@B18] on an Mx4000® Multiplex Quantitative PCR System (Stratagene, Copenhagen, Denmark). The comparative CT (threshold cycle) method was used to quantitate the relative *AQP1* mRNA expression levels, comparing treated samples to concordant non-treated controls. The *beta-actin* gene mRNA was amplified as an internal control to normalise the data of *AQP1* mRNA level. The primer sequences used for *AQP1* gene are, Forward: 5\'-TGAGATCATTGGCACTCTGC, Reverse: 5\'-TGATACCGCAGCCAGTGTAG; the primer sequences for *beta-actin* gene are, Forward: 5\'-ACACAGTGCTGTCTGGTGGT, Reverse: 5\'-CTGGAAGGTGGACAGTGAGG.

***Western Blotting:***Affinity-purified antibodies used were against AQP1 [@B19] AQP2 [@B20], and beta-actin (Sigma, Copenhagen, Denmark). Kidney tissues were homogenized in 0.3M sucrose, 25 mM imidazol, 1 mM EDTA in ddH2O, pH 7.2) containing 8.4 mM leupeptin and 0.4 mM pefabloc. The tissue samples were homogenized using an ultra Turrax T8 homogenizer (IKA Labortechnik; Staufen, Germany) and centrifuged at 4000 3 g for 15 min at 4C. The supernatant (or cell pellets from MDCK cell studies) were diluted in SDS buffer containing a final concentration of 62 mM Tris (hydroxymethyl)-aminomethane, 0.1 M SDS, 8.7% glycerol, 0.09 mM bromophenol blue, and 0.04 M dithiothreitol (DTT), pH 6.8. The protein samples were heated for 5 min at 90C. SDS-PAGE was performed on 4-15% gradient polyacrylamide gels (Ready Gels, Bio-Rad, Copenhagen, Denmark). The proteins were transferred electrophoretically to immobilon PVDF membranes. Membranes were dried and blocked for 1 h at room temperature in Odyssey blocking buffer:PBS, 1:1 (blocking buffer), and probed overnight at 4°C with primary antibody in blocking buffer. After washing, blots were incubated with species-specific fluorescence secondary antibodies (Alexa 688) and visualized using the Odyssey Infrared Imaging System (LiCor, Lincoln, NE). Quantification was performed using Odyssey software.

***Fluorescence Microscopy and******immunohistochemical (IHC) Staining:***The renal tubule and cell type location of chitosan /Cy3 siRNA nanoparticles were assessed according to the histological structure and by fluorescence labeling with the segment specific markers AQP1 (proximal tubule, thin descending limbs of Henles loop, vasa recta), AQP2 (connecting tubule and collecting ducts). Paraffin embedded tissue was sectioned at 2µm using a Leica RM 2165 microtome (Leica, Wetzlar, Germany). Sections were dried at 60°C for 1 hour, placed xylene overnight, rehydrated in graded alcohols and blocked for endogenous peroxidise. Antigen retrieval was performed by heating the sections in TEG buffer (Tris-EGTA buffer, pH 9) at approximately 50°C for 20 min, thereafter the sections were cooled at room temperature for 30 min and incubated for 30 min in 50 nM NH~4~Cl in 0.01 M PBS. Permeabilization was obtained with 0.05% saponin (1% BSA, 0.2% gelatine, 0.05% saponin in 0.01 M PBS) and sections were incubated with primary antibody in 0.01 M PBS, 0.1% BSA and 0.3% Triton X-100 followed by incubation with Alexa-conjugated secondary antibody. Sheep anti megalin was kindly provided by Dr. Pierre Verroust [@B21]. Images were obtained using either a confocal laser-scanning microscope (LSM 510-META; Carl Zeiss, Göttingen, Germany) and Zeiss Zen software (2009, Light Edition) or a Leica TCS SL confocal microscope.

***Statistical Analysis:*** Student\'s t-test was performed to compare the fluorescent signal between mice injected with Cy5-siRNA and chitosan/Cy5-siRNA at different time points, scanned by optical imaging system. Analysis of Variance (ANOVA) was performed to evaluate the significant difference among three groups for their *AQP1* mRNA expression level and protein level in the *in*vivo gene silencing experiment. Difference between A-siR22 and EGFPsiR/Buffer was further evaluated by post Tukey\'s Multiple Comparison Test.

Results
=======

Chemically modified siRNA formulated with chitosan accumulates in the kidney independent of siRNA modifications
---------------------------------------------------------------------------------------------------------------

Chitosan [@B16];[@B22]-[@B24], and chitosan-formulated LNA-modified siRNA [@B7] have previously been shown to accumulate in the kidney. To study the effect of chemical modification on siRNA distribution, various chemical modifications including 2′-deoxy, 2′-fluoro 2′-O-methyl-LNA (F/OMe-LNA), unlocked nucleic acid (UNA) and Hexitol nucleic acid (HNA) were included in the RNA strands (Table [1](#T1){ref-type="table"}) [@B25]. The chitosan formulated siRNA variants were injected into the tail vein of mice and their biodistribution examined. Various organs were collected 24 hrs post injection, and total RNA was purified and subjected to northern blotting analysis using the passenger strand of the siRNA as probe. All chemically modified siRNAs were found to accumulate in the kidney 24 hrs post injection ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1), whereas unmodified siRNA could not be detected in any organs except from a weak signal in spleen 24 hrs post injection ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2a) Formulation of the siRNA with chitosan provided up to 5 minutes protection to unmodified siRNA in blood circulation (Fig. S2b) compared to \< 1 minute life time for naked unmodified siRNA [@B7]. All siRNA applied in subsequent *in vivo* experiments in this report contained LNA modifications.

Accumulation of siRNA in the kidneys depends on the molecular weight of chitosan
--------------------------------------------------------------------------------

It is well known that the degree of deacetylation (DD) and the molecular weight (MW) of chitosan are crucial parameters for optimal transfection *in vitro*. In order to investigate the impact of the MW of chitosan on siRNA biodistribution in a mouse, we prepared highly deacetylated chitosan with 4 different molecular weights. Using these chitosan samples, chitosan-siRNA polyplex nanoparticles were formulated. The detail characteristics of chitosan and the size of the resultant chitosan-siRNA nanoparticles were reported in the [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1 and S2.

Among these formulations, we found that only the nanoparticles prepared with chitosan A (40kDa) led to significant accumulation in the cortex of kidney (Fig. [1](#F1){ref-type="fig"}a). The siRNA intensities between left and right kidney were, on average, very similar (Fig. [1](#F1){ref-type="fig"}a). A similar distribution was observed using higher N/P ratio (N/P= 60; Fig. [1](#F1){ref-type="fig"}b). Because an *in vitro* transfection assay showed the formulation with chitosan A at N/P ratio of 60 was far higher than that of 10 ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig.S3a), and the nanoparticles in N/P=10 formulation tended to form agglomerates and later deposited in lung whereas no such occurrence was observed for N/P=60 (Fig.S3b), we, therefore, decided to use only the chitosan-A/siRNA nanoparticles with N/P ratio of 60 for further investigation.

The chitosan-A/siRNA nanoparticles were incubated in 95% FBS for 24 hrs, and the nanoparticle sizes were determined in water ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S4a) and FBS as dispersant (Fig. S4c) and FBS alone (Fig. S4b), in order to assess the serum stability (Fig. S4d). Although a small shift of size distribution was observed, no particle aggregation was observed.

Chitosan/siRNA accumulates in kidney PTECs
------------------------------------------

To investigate the specific location of siRNA in the kidney in more detail, we made tissue sections from both frozen and paraffin-embedded kidneys. Cy3 conjugated siRNA was clearly observed by confocal laser-scanning microscopy in histological sections obtained from mice injected with chitosan A/Cy3-siRNA (2a). The fluorescence intensity was greatest in the proximal tubular cells (Fig. [2](#F2){ref-type="fig"}a). No signal was detectable in kidney sections obtained from mice injected with Cy3-siRNA formulated with B, C or D chitosan or buffer (Data not shown).

To confirm the localization of chitosan A/Cy3-siRNA in PTECs, immunohistochemical staining and confocal microscopy were performed on serial tissue sections using antibodies against markers for the proximal tubule, aquaporin 1 (AQP 1), or for the distal tubule, aquaporin 2 (AQP2). Cy3-siRNA was detected only in cells also positive for AQP1 expression (Fig. [2](#F2){ref-type="fig"}b), but not in cells expressing AQP2 (Fig. [2](#F2){ref-type="fig"}c), confirming that chitosan/siRNA nanoparticles specifically accumulated in PTECs. The consistent results obtained from both northern blotting and confocal microscopy prompted us to choose LMW chitosan A (subsequently referred to as chitosan) and an N/P ratio of 60 (conditions where we observed greatest significant knockdown *in vitro* for this type of chitosan; Data not shown) for all subsequent experiments.

Endocytotic uptake of chitosan/siRNA in PTECs is mediated by megalin
--------------------------------------------------------------------

The two multiligand, endocytic receptors, megalin or cubilin are responsible for the receptor-mediated endocytotic uptake of low molecular weight (LMW) proteins from the glomerular ultrafiltrate in PTECs [@B26]. Since low MW chitosan/siRNA specifically accumulated in PTECs we speculated if megalin and/or cubilin could be responsible for this uptake. To examine this hypothesis we applied our delivery system to transgenic mice carrying a conditional knockout of the *megalin* gene. In these animals approximately 90% of the PTECs lack megalin expression [@B17]. In addition to Cy3-labelled siRNA we also injected chitosan that was directly labelled with Cy3. Fluorescence signal was observed in mice injected with either chitosan/Cy3-siRNA or Cy3-chitosan/siRNA in the subset of PTECs also expressing megalin, as visualized by immunolabeling using a megalin specific antibody (Fig. [3](#F3){ref-type="fig"}a, b). These results demonstrate that the uptake of both siRNA and chitosan in PTECs is mediated by a megalin-dependent endocytotic pathway. Furthermore, this result suggests that chitosan and siRNA remain associated when being filtered by the kidney and upon entering the PTECs. No signal was detected in mice injected with Cy3-labeled siRNA alone or buffer (n=3 for each group) after 24 hours (data not shown), suggesting that the megalin-associated uptake in the PTECs is chitosan specific.

Dynamics of chitosan/siRNA accumulation in kidney observed by optical imaging
-----------------------------------------------------------------------------

To monitor the dynamic changes in siRNA blood clearance, urine excretion and kidney accumulation, fluorescent imaging of fluorescently labelled siRNA was performed in living animals. To facilitate *in vivo* imaging and reduce fluorescent background, the red-shifted Cy5 dye was used as a siRNA tracer. Chitosan/Cy5-siRNA was prepared and injected via the tail vein, and fluorescent images were recorded dorsally and ventrally at 2 min, 30 min, and 1, 2, 3, 4, 6, 24, and 48 hrs post-injection using a 2D optical imaging system. Animals treated with unformulated Cy5 labelled siRNA or buffer alone were included as controls and imaged at various time points.

A strong fluorescent signal was observed at the nose and paws, regions of the mouse that are rich in blood capillaries, immediately following injection of chitosan/Cy5 siRNA (ventral view; Fig. [4](#F4){ref-type="fig"}a), whereas no clear signal was observed in the bladder. This is in contrast to the mice treated with Cy5-siRNA alone, where the bladder signal rapidly increases to become the strongest signal 2 min post injection (Fig. [4](#F4){ref-type="fig"}a), indicating that the majority of the naked siRNA was excreted into the urine a few minutes post injection. No Cy5 signal was observed in mice injected with buffer alone (data not shown). Signal was observed in the liver \~ 30 mins after injection both for siRNA alone and siRNA formulated with chitosan (Fig. [4](#F4){ref-type="fig"}a), and diminished 2 to 3 hrs post injection. When chitosan/siRNA was imaged from the dorsal side, Cy5 signals were apparent in the kidney after 20 - 30 min and peaked at 3 - 4 hrs, with some signal remaining more than 48 hrs post injection (Fig. [4](#F4){ref-type="fig"}a). siRNA alone peaked at an earlier time point (30 min) and disappeared almost completely 1 hr to 3 hrs post injection (Fig. [4](#F4){ref-type="fig"}a). A significant difference in fluorescent intensity was observed between mice treated with chitosan/siRNA and siRNA alone that scanned at 3 hrs and 24 hrs post injection (p\<0.05), respectively (Fig. [4](#F4){ref-type="fig"}b). After 24 or 48 hrs post injection the mice were euthanized at and the organs were dissected for scanning. For the chitosan/siRNA group, the strongest signal was clearly observed in the kidneys, with the signal intensity being \>10 fold higher in kidneys compared with other organs (except stomach which was strongly autofluorescent) both 24 and 48 hrs post injection (Fig. [4](#F4){ref-type="fig"}c). These results are in agreement with our observations obtained by northern blot analysis and fluorescence microscopy, which showed that chitosan/siRNA specifically accumulates and resides in the kidney for at least 48 hrs post injection.

Specific knockdown of AQP1 expression in mouse kidney
-----------------------------------------------------

To determine if the chitosan/siRNA particles could be used to deliver functionally active siRNAs to PTECs, we examined the effectiveness of this approach to silence the gene expression of the water channel AQP1, which is predominately expressed in PTECs. Three siRNAs, designed to target mouse AQP1 (Table [1](#T1){ref-type="table"}), were tested in MDCK cells expressing mouse AQP1. Two of these siRNAs showed a strong knockdown of both AQP1 mRNA and protein expression (Fig. [5](#F5){ref-type="fig"}a, b). A-siR22 was selected for further experiments and modified chemically with LNA in the overhangs to increase stability *in vivo*. Thirty micrograms of AQP1 or control EGFP siRNA (1.2 mg/kg body weight for 25g mice) were formulated with chitosan and administrated *via* the tail vein at days 0, 3, and 5. The experiment was terminated at day 7, and the kidneys were collected. Total RNA was isolated and northern blotting was performed. Both intact AQP1 siRNA and control EGFP siRNA could be detected in all kidney samples, indicating efficient renal delivery in a sequence independent fashion (Fig. [5](#F5){ref-type="fig"}c). Both AQP1 mRNA and protein levels were specifically decreased by \> 40% in kidneys from animals treated with AQP1 siRNA/chitosan compared to the control groups treated with either buffer or EGFP siRNA (Fig. [5](#F5){ref-type="fig"}d). To further investigate the AQP1 knock down at a cellular level, AQP1 immunolabeling was performed on kidney sections from the treated animals. A clear reduction in AQP1 labelling was observed in PTECs of kidneys from animals treated with chitosan formulated AQP1 siRNA, compared with control EGFP siRNA treated animals. No apparent reduction in AQP1 expression was observed in thin limbs of Henle\'s loop (Fig. [5](#F5){ref-type="fig"}e). These data confirm that the accumulating chitosan/siRNA in PTECs is functional and capable of specific knockdown of gene expression.

Discussion
==========

In this report we have demonstrated specific renal delivery of chitosan/siRNA nanoparticles into kidney PTECs in a living animal. We have utilized the technique to obtain gene silencing of AQP1 in PTECs, and as such provided "proof-of-principle" that this approach could be utilized for knockdown of various other genes in PTECs. Compared to previous delivery methods, chitosan mediated siRNA targeting to the PTEC avoids high pressure hydrodynamic injection [@B10], which may led to disruption of the cellular membrane and undesired side effects [@B27]. Furthermore, the use of chitosan can potentially avoid surgical injury due to direct administration into the renal artery or veins [@B12];[@B28], which may hamper clinical use.

Other systemic delivery systems targeting the kidney have been previously reported [@B11]. For example, siRNA conjugated with specific antibodies were successfully delivered into podocytes [@B29]; nanoparticles with defined size (\~75 ± 25-nm diameters) could target the mesangium [@B30]; and cationic cyclodextrin-containing polymer (CDP)-based siRNA nanoparticles were able to accumulate and disassemble in the glomerular basement membrane [@B31]. Furthermore, subcutaneous injection of cholesterol-conjugated siRNA led to accumulation of siRNA predominantly in the kidney cortex and glomeruli [@B32]. This approach was successful for ameliorating diabetic nephropathy in mice, but required injections of a high dose (16-20 mg/kg siRNA per injection) of siRNA biweekly for 7 weeks. Naked delivery of functional siRNA to renal PTECs has also been shown, but, again, requiring relatively high doses, i.e.12-24mg/kg of siRNA by bolus i.v. injection, and with a relative short lifetime in tissues \~1 hr [@B33]. Additionally, it was reported that both free ^3^H-labeled antisense oligonucleotides (ODNs) and ODNs encapsulated in a PLGA polymer (Mw 3000 Da) could accumulate in PTECs 24 hrs post subcutaneous injection [@B34]. However the mechanism for specific accumulation of ODNs and the integrity of ODNs were not investigated.

Chitosan, a β (1-4) linked copolymer of D-glucosamine and N-acetyl-D-glucosamine derived from chitin, is orally non-toxic in animals [@B35] and humans [@B36] and has been intensively investigated for drug and gene delivery [@B37]. Low molecular weight chitosan and its water soluble derivative, glycol-chitosan, were reported to selectively accumulate in the mouse kidney renal tubules following i.v. injection and thus could potentially be utilized to deliver drugs or other compounds to the kidneys [@B16];[@B22]-[@B24];[@B38]. In present study we utilized non-water-soluble chitosan polyplex nanoparticles to deliver siRNA specific into the PTECs.

Several techniques, including optical live imaging, fluorescence microscopy, immunohistochemical staining and RNAi, were applied to demonstrate that chitosan siRNA particles can be functionally targeted to PTECs. In agreement with previous observations, only LMW chitosan formulated siRNA localized in the kidney [@B7];[@B22], with 40 kDa chitosan being most efficient for kidney siRNA delivery. In contrast, the N/P ratio had only little impact on siRNA accumulation in the kidney, implying that the molecular weight of chitosan, rather than the N/P ratio, plays a dominant role in kidney specific accumulation of siRNA.

In the current study we also investigated the mechanism for chitosan/siRNA delivery into PTECs. In principle, antisense oligonucleotides can be taken up both at the capillary and tubular lumen sides of the kidney [@B39];[@B40]. Uptake of solutes from the tubular lumen side of PTECs is often mediated by the two receptors, megalin and cubilin, that are responsible for the receptor-mediated endocytotic uptake of various substances from the glomerular ultrafiltrate. Notably, a natural substrate for megalin, aminoglycosides [@B41], shares a strong resemblance to chitosan; in particular the glucosamine unit. Additionally, the aminoglycoside gentamycin effectively competes with chitosan for the association with PTECs in mice [@B16], suggesting that the specific accumulation of LMW chitosan in kidney proximal tubules may be mediated by megalin. To confirm that the renal delivery of chitosan/siRNA is mediated by megalin, we administrated our delivery system to a transgenic mouse with conditional knockout of the *megalin* gene [@B17]. In this model, *megalin* deletion occurs in a mosaic pattern and allows a direct comparison of PTECs with and without megalin expression in the same nephron. The clear overlap between siRNA uptake and megalin-expressing cells implies that megalin is indeed the mediator of chitosan/siRNA uptake. Thus, we conclude that our siRNA delivery system using non-water-soluble chitosan shares a megalin-dependent endocytotic pathway with water soluble chitosan, as observed previously [@B16] [@B17].

However, the suggested role of chitosan for delivery of siRNA to the PTECs raises an interesting question: How are the siRNA/chitosan nanocomplexes filtered in view of the glomerular sieving threshold? One possibility is that a fraction of chitosan/siRNA nanoparticles comprising with very small nanoparticles could pass through the endothelial layer and dissembled at the glomerular basement membrane (GBM) as recently described by Zuckerman,J.E., et al. for cationic cyclodextrin-containing polymer based siRNA nanoparticles [@B31] and siRNA loaded dextran nanogels [@B42] . After filtration into the urinary space the chitosan could re-associate with the siRNA in accordance with the observation reported for cationic cyclodextrin-containing polymer based siRNA nanoparticles [@B31] and facilitate uptake of siRNA in the PTEC. Although Thompton et al. [@B43] have demonstrated that naked siRNA can enter the PTEC, our data clearly indicate a role for chitosan in increasing the efficiency of this event. Thompton et al. only observed a short transient uptake in PTEC of naked siRNA, whereas we find a significant amount of siRNA still present after 48 hours. An alternative model is that the siRNA-chitosan complex only becomes partially disassembled at the GBM. A siRNA associated with just one molecule of chitosan has a molecular weight of approximately 40 KDa, which is considered to be within the molecular weight cut-off (MWCO) for glomerular filtration. Also we cannot exclude that certain mechanisms may allow even larger complexes to pass the GBM. It has for instance been reported that a carbonanotube of 200-300nm, which are much larger than the MWCO, can be cleared through glomerular filtration, which cannot be explained by traditional theory [@B44].

PTECs play an important role in the reabsorption of a variety of substances following their glomerular filtration, for example, albumin [@B45];[@B46] A prominent group of PTECs express the aquaporin (AQP) membrane protein family that mediates transport of water or small solutes in a concentration dependent manner. One family member, AQP1, is localized to both the apical and basolateral membranes of the kidney proximal tubules, the descending thin limb of long loop nephrons and the vasa recta. AQP1 plays a critical role in transcellular water reabsorption across PTECs and body water balance [@B47]. Consistent with PTEC delivery, chitosan/Cy3-siRNA co-localized with AQP1 expressing cells, but not with AQP2, which is expressed exclusively in the distal portion of the kidney tubule - the collecting duct [@B48]. We confirmed that the efficient delivery of siRNA also correlated with a significant knock down of AQP-1 expression in PTECs, highlighting that at least part of the siRNA escapes endosomes and becomes incorporated into RISC complexes in the PTECs, a process highly inefficient for naked siRNA.

Unlike total gene deletion of AQP1 [@B49], our 40-50% knock down was insufficient to produce any overt phenotype [@B49] and it may be necessary to increase the current dose (1.2mg/kg body weight per injection) in future studies. Alternatively, as our gene silencing was only observed in PTECs and not in other AQP1 expressing tubule segments such as the descending thin limb of Henle\'s loop or in vasa recta, it is conceivable, that AQP-1 function in these segments is sufficient to maintain water balance and account for lack of a robust phenotype in the treated animals [@B49].

Conclusion
==========

Chitosan/siRNA could be specifically delivered into kidney PTECs, where it persisted for more than 48 hrs. The specific uptake was mediated by a megalin-dependent endocytotic pathway and proved to be a viable approach for gene silencing in PTECs. Our demonstration of long lasting siRNA accumulation in PTECs and gene knockdown may be beneficial for treatment of certain chronic diseases e.g. kidney fibrosis. Our findings provide a potential generic platform for renal therapy *via* specifically targeting of drugs or siRNAs to PTECs, which play essential roles in the onset of various kidney diseases [@B1]. Furthermore, the approach will allow clarification of the physiological or patho-physiological roles of a variety of proteins expressed in PTECs and a strategy to provide target validation for novel pharmacological inhibitors.
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![**Impact of molecular weight of chitosan on siRNA delivery to the kidney:**(**a**). Delivery using chitosan with various molecular weights. siRNA formulated with chitosan of different molecular weights (N/P=10) were i.v. injected in mice. Kidneys were collected 24 hrs post injection. Four micrograms of RNA isolated from cortex of left and right kidneys was run on 15% denaturing polyacrylamide gels and northern analysis was performed using \[γ-^32P^\] ATP labelled siRNA sense strand. Lane 1, 1 ng siRNA duplexes (Ctrl.); Lanes 2-4/5-7/8-10/11-13, 1 ng siRNA/chitosan complex (N/P=10) (Chitosan A, B, C, D, respectively), experiments were performed in groups of two mice (M1, M2) for each formulation. (**b**). Delivery using chitosan A/siRNA (N/P= 60). siRNA formulated with chitosan A/siRNA (N/P= 60) was injected i.v. in mice (n=2) and kidneys were collected 24 hrs post injection. RNA was obtained from cortex and northern analysis was performed as described above. Lane 1, 1 ng siRNA duplexes (Ctrl.); Lane 2, 1 ng chitosan A/siRNA; Lanes 3-6, RNA from left (L1 and L2) and right kidney (R1 and R2) from mouse 1 (L1 and R1) and mouse 2 (L2 and R2), respectively.](thnov04p1039g001){#F1}

![**Specific accumulation of chitosan A/siRNA nanoparticles in kidney PTECs:**The kidneys were collected at 24 hrs post-injection from the mice injected with polyplexes formulated with Cy3-siRNA and chitosan A (N/P=60). Sections were made and analysed by fluorescence microscopy, Cy3 signal (red dots) was observed in the kidney (**a**); the neighbouring sections from the same experiment were labelled with specific antibodies against AQP1 and AQP2 (both in green), clearly demonstrated that chitosan/Cy3-siRNA is co-localised with AQP1 at proximal tubular cells (**b**), but not with AQP2 in collecting duct cells (**c**).](thnov04p1039g002){#F2}

![**Megalin-mediated endocytotic uptake of chitosan/siRNA nanoparticles in PTECs:**Chitosan/Cy3-siRNA and Cy3-chitosan/siRNA polyplexes were injected *via* tail vein into a mouse model with conditional deletion of the *megalin* gene and the kidneys were collected after 24 hrs (n=3). Serial sections were labelled with specific antibodies against megalin. Both chitosan/Cy3-siRNA (**a**) and Cy3-chitosan/siRNA (**b**) signals co-localized with megalin expressing cells.](thnov04p1039g003){#F3}

###### 

**Dynamic observation of chitosan/siRNA polyplexes in the kidney using *in vivo* optical imaging:**Whole animal fluorescence scanning was performed at the indicated time points post-injection of chitosan/Cy5 labelled siRNA. (**a**) Representative images of mice injected with siRNA alone or chitosan/siRNA nanoparticles at 2 min, 0.5hr, 1hr, 2hr, 3 hr, and 24 hr. Scanning was performed either from the ventral side (panel 1 & 3) showing the signals at mouth/nose, liver, and bladder or dorsal side (panel 2 & 4), showing signals from paws, ears, and kidney. (**b**), To quantify the signal intensity of images, the average radiant efficiency \[(photons/sec/cm^2^/sr)/(µW/cm^2^)\] was measured using the Living Image 4.0 software package. Radiant efficiency from the region of interest (ROI) (kidney) in mice injected with siRNA (n=3) and chitosan/siRNA (n=4) at the indicated time points is presented (NS - not scanned at this time point for siRNA injected mice). Significant difference for the fluorescent intensity was seen between the two groups at 3 hrs and 24 hrs (p\<0.05 evaluated by Student t-test). (**c**) Ex vivo imaging of dissected organs 24 or 48 hrs after administration of chitosan/siRNA nanoparticle or buffer (only at 24 hrs), including kidneys (arrows), stomach, liver, intestine/colon, spleen, lung, and heart. Strong Cy5 signal was only observed in the kidney except a prominent auto-fluorescence signal originated from feed in the stomach.
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**Efficient gene silencing of AQP1 gene *in vitro* and *in vivo*:**Three siRNA targeted against murine AQP1 (A-siR20, A-siR21 and A-siR22) were transfected in duplicate into AQP1-MDCK cells using Lipofectamine 2000. Non-transfected cells (Ctrl) or cells transfected with siRNA against EGFP (EGFPsiR) were included as controls. Cells were harvested 48 hrs post transfection and AQP1 mRNA (**a**) and protein levels (**b**) were evaluated by quantitative RT-PCR and western blotting, respectively. (**c**) A-siR22 or EGFPsiR was LNA modified in the 2-nucleotides overhangs for *in vivo* experiments and formulated with chitosan. Thirty micrograms of A-siR22 or EGFPsiR (equal to 1.2mg/kg body weight for 25g mice) were administrated i.v. at day 0, 3, and 5 (n=5). Buffer was injected as control (n=5). The experiment was terminated at day 7, and the kidneys were collected. Total RNA was isolated and northern blotting was performed using sense strands from siRNA targeted against EGFP or AQP1 as probes. A major band migrating as intact guide strands was detected for both probes whereas no signal was observed in mice injected with buffer. One nanogram of siRNA duplex was loaded as control (Ctrl). (**d**), AQP1 mRNA and protein levels were evaluated by quantitative RT-PCR and western blotting, respectively. Both AQP1 mRNA and protein expression were normalized with β-actin and presented as mean±SD (n=5). A significant reduction (p\<0.01 evaluated by One way Analysis of Variance) in AQP1 mRNA and protein levels compared to either buffer alone or EGFPsiR/buffer was detected in mice injected with A-siR22. (**e**), Immunohistochemical staining of AQP1 demonstrated that AQP1 protein levels are decreased in PTECs, but not at thin limbs of Henle\'s loop. The knockdown in PTECs was only observed in mice injected with A-siR22 and not in the control group injected with EGFPsiR, a representative region was magnified within in a square at the corner.
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###### 

siRNA sequences used in present study.

  Name                    Sense Strand (5\' to 3\')                                                                                   Antisense strand (5\' to 3\')
  ----------------------- ----------------------------------------------------------------------------------------------------------- -------------------------------------------
  EGFP                    GACGUAAACGGCCACAAGUTC                                                                                       ACUUGUGGCCGUUUACGUCGC
  LNA EGFP                GACGUAAACGGCCACAAGUT~LNA~C~LNA~                                                                             ACUUGUGGCCGUUUACGUCG~LNA~C~LNA~
  F/OMe -LNA              G~F~A~OMe~C~F~G~OMe~U~F~A~OMe~A~F~A~OMe~C~F~G~OMe~G~F~C~OMe~C~F~A~OMe~C~F~A ~OMe~A~F~G~OMe~U~F~U~OMe~C~F~   ACUUGUGGCCGUUUACGUCG~LNA~C~LNA~
  UNA                     GACGUAAACGGCCACAAGUUU~UNA~U                                                                                 ACUUGUGGCCGUUUACGUCGC~UNA~U
  HNA/DNA                 GACGU~HNA~AAA~HNA~CGG~HNA~CCA~HNA~CAAGU~HNA~U~HNA~T~DNA~                                                    ACUUGUGGCCGUUUACGU~HNA~C~HNA~G~HNA~T~DNA~
  Cy5 labeled EGFP        Cy5-GACGUAAACGGCCACAAGUT~LNA~C~LNA~                                                                         ACUUGUGGCCGUUUACGUCG~LNA~C~LNA~
  Cy3 labeled EGFP        GACGUAAACGGCCACAAGUT~LNA~C~LNA~                                                                             ACUUGUGGCCGUUUACGUCG~LNA~ Cy3C~LNA~U
  AQP1 s62520 (A-siR20)   CAGCAUUGGUUCUGCCCUAtt                                                                                       UAGGGCAGAACCAAUGCUGat
  AQP1 s62521 (A-siR21)   CCUCCUCCCUAGUCGACAAtt                                                                                       UUGUCGACUAGGGAGGAGGtg
  AQP1 s62522 (A-siR22)   CGCAACUUCUCAAACCACUtt                                                                                       AGUGGUUUGAGAAGUUGCGgg
  LNA A-siR22             CGCAACUUCUCAAACCACUU~LNA~U~LNA~                                                                             AGUGGUUUGAGAAGUUGCGG~LNA~G~LNA~**GG**

Note: The following abbreviations for modification are used: 2′-deoxy (DNA), 2′-fluoro (F), 2′-*O*-methyl (OMe), hexitol nucleic acid (HNA), locked nucleic acid (LNA), and unlocked nucleic acid (UNA). The position of the modification is shown in bold in the oligo sequence [@B27].
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